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Abstract: Optical coherence tomography (OCT) angiography (OCTA) has been actively studied
as a noninvasive imaging technology to generate retinal blood vessel network maps for the
diagnoses of retinal diseases. Given that the uses of OCT and OCTA have increased in the
field of ophthalmology, it is necessary to develop retinal phantoms for clinical OCT for product
development, performance evaluation, calibration, certification, medical device licensing, and
production processes. We developed a retinal layer-mimicking phantom with microfluidic
channels based on microfluidic fabrication technology using polydimethylsiloxane (PDMS) and
titanium dioxide (TiO,) powder. We implemented superficial and deep retinal vessels using
microfluidic channels. In addition, multilayered thin films were synthesized with multiple
spin-coating processes that comprised layers that corresponded to the retinal layers, including
the ganglion cell layer (GCL), inner plexiform layer (IPL), and inner nuclear layer (INL). The
phantom was formed by merging the multilayered thin film, and microfluidic channels were
assembled with an optical lens, water chamber, and an aluminum tube case. Finally, we obtained
cross-sectional OCT images and en-face OCTA images of the retinal phantom using lab-made
ophthalmic OCT. From the cross-sectional OCT image, we could compare each of the layer
thicknesses of the phantom with the corresponding layer thicknesses of the human retina. In
addition, we obtained en-face OCTA images with injections of intralipid solutions. It is shown that
this phantom will be able to be potentially used as a convenient tool to evaluate and standardize
the quality and accuracy of OCT and OCTA images.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The identification of the capillary dropout or pathologic neovascularization has become important
because retinal vascular changes constitute various markers of major retinal diseases that
led to blindness, such as age-related macular degeneration (AMD) and diabetic retinopathy
[1,2]. Various techniques used for retinal angiography, like fluorescein angiography (FA) and
indocyanine green angiography (ICGA), have served as standard methods for imaging the retinal
vascular structure, and for the diagnosis and monitoring of specific pathologies [3]. These
conventional angiographic techniques involve the intravenous injection of exogenous contrast
agents in the vascular system. However, these techniques require time and cost to acquire the
angiographic images. Although it is extensively known that fluorescein and ICG are safe for
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patients, they pose risks that range from nausea to allergic reactions, including anaphylaxis
in rare instances [4,5]. In addition, as the FA and ICGA in fundus imaging generate only
two-dimensional (2D) en-face images, it is difficult to distinguish vascular networks at different
depths (superficial retinal, deep retinal, and choriocapillaries).

Optical coherence tomography (OCT) has been extensively studied as a clinical and noninvasive
imaging tool for biological tissues because of its ability to provide cross-sectional and three-
dimensional volumetric images with high-axial resolution at the micrometer scale. Specifically,
following the first demonstration of an OCT image of the human retina [6], OCT has been
extensively used as one of the ophthalmic diagnostic devices to measure the retinal thickness,
and to monitor the retina vitreous interface and macular edema. Through the monitoring of
structural changes in the retina using OCT images, fluid exudation associated with retinal vascular
diseases can be detected and monitored. However, structural OCT is unable to directly detect
capillary dropout or neovascularization, unlike conventional retinal angiography. Recently, OCT
angiography (OCTA) has been actively studied as an expanded functional OCT because it can
image retinal vascular networks without exogenous contrast agents based on the detection of OCT
signal changes, such as phase-signal- [7—10], intensity-signal- [11-13], and complex-signal-based
changes [14—17] generated by the flowing red blood cells in blood vessels.

Standard test methods and optical phantoms have been required because markets of OCT and
OCTA are still growing. Specifically, in the field of ophthalmology, it is necessary to prove
the image quality and performance for accurate disease diagnosis. In addition, when a system
is evaluated, or quality assurance and software modifications are conducted, experiments with
human or animal eyes should be performed. However, preclinical and clinical trials cannot be
carried out frequently, and it is difficult to obtain reliable and consistent data for system validations.
Additionally, it is difficult to obtain subject-independent data. Therefore, a retinal phantom for
OCT and OCTA, which ameliorates these problems, is thus needed. Several groups have tried
to develop a phantom to evaluate the performance of OCT or OCTA images. Agrawal et al.
[18,19] and Wooliams et al. [20] have developed phantoms to measure the point spread function
(PSF) of OCT with the use of sparse distributions of nanoparticles or microparticles which were
embedded in transparent polymers, such as silicone, UV-curing epoxy, and polyurethane resin.
Bruin and Kinkelder ez al. [21,22] have described the development of a multilayered thin film
phantom. Zawadzki and Rowe have developed the retinal phantom that consisted of five layers
which were stacked on a hot, melted rubber adhesive using biaxial polypropylene films with
a thickness of ~60 um [23,24]. Recently, to evaluate and standardize OCT, Baxi ef al. have
demonstrated the implementation of a retinal phantom that emulates the retina with the use of
spin coating of nanoparticle-embedded silicone films and laser microetching [25]. Lee et al. [26]
have developed retinal phantoms that have accurately replicated the tapering shape of the foveal
fit. In addition, they also fabricated disease-mimicking phantoms, such as macular degeneration
and retinal separation phantoms [26]. In 2015, the International Organization for Standardization
(ISO) published a standard document (ISO 16971) about OCT of the posterior segment of the
human eye [27]. This document was established by the Subcommittee 7 (SC-7, Ophthalmic
Optics and Instruments) of the Technical Committee 172 of the ISO standard (ISO/TC 172,
Optics and Photonics). For the evaluation of OCTA, including Doppler OCT, most of the prior
studies had used flow phantoms [28-32]. These flow phantoms consisted of glass (or silicone)
capillary tubes and agar (or gelatin) mixed with a scattering medium.

In this study, we developed a retinal phantom that can simultaneously evaluate the performance
and estimate the accuracy and image quality of OCT and OCTA. The phantom included
microfluidic channels as well as retinal structural information. We used a spin coating technique
to synthesize multilayered thin films that emulated the retinal layers. In addition, we applied
microfluidic techniques to produce miniaturized flow channels that emulated the retinal blood
vessels. The phantom was formed based on the merging of the multilayered thin film and
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microfluidic channels, and was assembled with an optical lens, water chamber, and an aluminum
tube case. Finally, we obtained cross-sectional OCT images and en-face OCTA images of the
retinal phantom using lab-made ophthalmic OCT.

2. Methods

2.1.  Preparation and phantom materials

In this study, a retina phantom should emulate the retinal structure and function. The flow
diagram of the process is shown in Fig. 1. We mimicked the vascular layer of the retina, such as
the superficial retinal vessels (SRV) and deep retinal vessels (DRV) using microfluidic channels.
The multilayered thin film between the channels incorporated three retinal layers, namely, the
ganglion cell layer (GCL), inner plexiform layer (IPL), and inner nuclear layer (INL). The
phantom consisted of polydimethylsiloxane (PDMS; Sylgard 184 kit, Dow Corning, USA), which
is a silicone elastomer, and TiO, powder (718467, Sigma—Aldrich, USA). The refractive index
of cured PDMS (nppms) was 1.41 + 0.01 within the infrared wavelength range (800—1300 nm)
[18]. This value is close to the refractive index of retina (1ering = 1.36) [25,33]. We adjusted the
concentration of TiO, particles in PDMS to match the intensity of the retina in the OCT image.
The thickness of the phantom layer was determined based on a previously published analysis of
the human retina OCT image [25].

Spin coating for

multilayered -
Mixing thin film Bo:l:i(;ng Phantom
phantom materials Microftaidic Eabileation assembly
channels

Fig. 1. Flowchart of processing steps required for the construction of a retina phantom.

We synthesized a mixture of PDMS and TiO;, which were the main materials of the phantom,
with the use of a probe tip sonicator (Sonifier S—450D, Branson Ultrasonics, USA) and a
sonication bath (Ultrasonic Cleaner, Branson Ultrasonics, USA). The concentrations of the TiO,
particles used for the syntheses of the multilayered thin films that corresponded to GCL, IPL, and
INL, were 0.05%, 0.5%, and 0.05% by mass, respectively. In addition, the TiO, concentrations
of the PDMS mixtures for two thin films which included microfluidic channels and corresponded
to the nerve fiber layer (NFL, superficial vessel layer) and outer plexiform layer (OPL, deep
vessel layer) were 0.8% and 0.5% by mass, respectively. The TiO, particles and base of PDMS
were sonicated for 10 h. To prevent thermal deformation of the PDMS mixture, the sonication
system was set to 10 s (on period) and 60 s (off period). Curing agent mixtures with the same
concentration of TiO, were also prepared separately using the sonication bath because the mixing
of PDMS with the curing agent solidified at high temperatures or over time. Subsequently, the
PDMS mixture was mixed with the curing agent mixture at a 10:1 weight ratio. The PDMS
mixture was mixed with a curing agent mixture, and was placed in a vacuum chamber to remove
air bubbles.

2.2. Spin coating of multilayered thin film

A multilayered thin film was made by spin coating the PDMS mixture on a glass substrate. This
glass substrate was made of a Pyrex glass which could withstand increased temperatures, and
which had a thickness of 3.3 mm and a diameter of 150 mm. Before spin coating, the substrate was
coated with Silane (Chlorotrimethylsiane 92361, Sigma—Aldrich, USA) to provide hydrophobic
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coating to facilitate removal of the hardened multilayered thin film (step 1 in Fig. 2). The mixtures
were dropped on the center of the substrate which was fixed to a spin coater (ACE-200, Dong Ah
Corporation, Korea). The thickness of the layer depended upon the rotational speed (revolutions
per minute) and the spin time of the spin coater [34]. After spinning for 5 min, the PDMS mixture
was cured on a hot plate at 150°C for 1 h. These processes are shown in Fig. 2. The thickness of
the cured PDMS thin film was measured around the center without an edge bead with the use of
a lab-made OCT. After surface measurements, the uncured PDMS mixture was deposited above
the cured thin film as the next layer. The processes of spin coating, measurement and curing
were repeated twice.

PDMS mixture +
curing agent mixture

@ | ® )
(D Silane coating | S |
I
] N
Glass substrate 1
—>
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Fig. 2. Tllustration of processing steps for spin coating used to synthesize the multilayered
thin films. Step 1: A Pyrex glass is used as a substrate and is coated with Silane to allow
easy removal of the cured PDMS. Step 2: The mixture which contains PDMS, TiO,, and
curing agent is dropped on the substrate. Steps 3 and 4: The mixture is spun for 5 min
depended upon the rotational speed of each layer. Step 5: After the end of spin coating, the
PDMS mixture is placed on a hot plate at 150°C for 1 h to cure it.

2.3. Microfluidic channels

We designed two microfluidic channels, as shown in Fig. 3(a) and (b), separately and as simple as
possible. The first microfluidic channel (Ch1) mimicked superficial retinal vessels. Figure 3(a)
shows that the five large pathways around the center were designed to spread from the center to
the edge like the blood vessels in the optic disc area. The widths of the first microfluidic channels
ranged from 100 um to 200 pm. The second channel (Ch2) mimicked deep retinal vessels in
the outer plexiform layer (OPL). As shown in Fig. 3(b), we designed Ch2 to have a serpentine
shape and a width of 50 um at the horizontal axis for simplification, although deep retinal vessels
are distributed within most of the area. Figure 3(d) shows an enlarged drawing of the region
highlighted by the black square in Fig. 3(c). In the Ch2 (red) of Fig. 3(d), the empty area of 0.7
mm X 0.7 mm mimicked the avascular zone of the fovea, which was positioned at a distance of
4.5 mm away from the center. Both channels were serially connected by a through hole. We
outsourced masks for channel patterns with our designs. In addition, masks were designed to be
able to make four phantoms at a time.

The microfluidic channels were patterned in two silicon (Si) wafers with a diameters of
101.6 mm (4 in) using a photolithographic process. Photoresist (SU-8 2050, Microchem, USA)
materials were spun-coated on the Si wafer. All procedures and conditions for pre/postbaking
and ultraviolet (UV) exposure of the photoresist layer were followed based on the manufacturer’s
recommendations depending on the target thickness of the photoresist layer. After postexposure
baking, the wafer was dipped in the SU-8 Developer (Microchem, USA) and rinsed with isopropyl
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Fig. 3. Design of the microfluidic channels and illustration of processing steps of the
microfluidic channels. (a) Chl mimicked superficial vessels which were designed to spread
from the center to the edge like the optic disc area. The widths of the channels ranged from
100 to 200 pm. (b) Ch2 mimicked deep vessels. The widths of the channels were designed
to be 50 um. (c) Overlapped drawings of Chl and Ch2. (d) Enlarged drawing of the area
highlighted by the black square of Fig. 3(c). An empty space with an area of 0.7 mm x 0.7
mm mimicked the avascular zone of the fovea that was located 4.5 mm away from the center.
(e) Processing step of the microfluidic channels with a microfluidic technique: Steps 1 and 2:
Two molds for microfluidic channels are patterned in two Si wafers using photo-lithographic
processes. Step 3: The mixture which consists of PDMS, TiO2 and curing agent is poured
onto each mold. Step 4: A silane coated glass is placed on the mixture to provide pressure.
Step 5: After curing, the microfluidic channel layer is detached from the mold and glass.

alcohol (IPA). Only UV-exposed patterns remained on the wafer. These were used as a mold for
microchannel fabrication. Each patterned Si wafer can be reused until it is damaged. The PDMS
mixed with TiO, was poured on each patterned wafer, and was then pressed with the use of a
glass, as shown in Fig. 3(e). The glass was coated by silane in a vacuum desiccator to facilitate
demolding. After an adequate time period elapsed for curing, the temperature of the hot plate
was set to 60°C, and the microfluidic channel layer was detached from the wafer and glass. The
microchannel thickness was adjusted by changing the load on the glass. Ch 2 were fabricated to
have thicknesses around 2 mm for interconnection of fluidic tubing.

2.4. Fabrication and phantom assembly

The multilayered thin film was positioned between two microfluidic channel layers, as shown
in Fig. 4(a), and the oxygen plasma between the upper channel (Ch1) and the multilayered thin
film was carried out for 1 min to attach it on a plasma system (COVANSE, Femto Science Inc.,
Korea) [35]. Before attaching the multilayered film, including the Ch1 to the lower channel
(Ch2), punching was carried out to construct the inlet and outlet, and to connect Ch1 and Ch2,
as shown in Step 2 of Fig. 2(a). The multilayered film (including the Ch1) and the Ch2, were
then attached with oxygen plasma. The multilayered PDMS structure was cut with a specialized
cutter to have diameters which were equal to 30 mm. The ring pattern PDMS layer (white top
layer in Steps 4 and 5 of Fig. 4(a)) was prepared and attached on the Ch1 layer to prevent leakage.
The ring pattern PDMS layer, which is the transparent layer without TiO, particles, had a donut
shape with an inner diameter of 14 mm, an outer diameter of 30 mm, and a thickness of 2 mm,
approximately. Finally, fluorinated ethylene propylene (FEP) tubes (1521L, IDEX Health &
Science LLC., USA) were connected in the inlet and outlet. The FEP tube had an inner diameter
of 1/16 in and an outer diameter of 1/8 in.
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After all the fabrication processing was carried out, we packaged the retinal phantom with a
lens in the cylindrical housing to use it in ophthalmic OCT. Figure 4(b) shows a schematic of
the retinal phantom assembly that was used as an eye model. We used a lens with a back focal
length of 17 mm (58 D) in the air-lens—water interfaces according to the ISO recommendation
[27]. Water was filled between the lens and the retinal phantom to match the refractive index of
vitreous humor (Myiterous humor = 1.33). A syringe was connected with the FEP tube of the inlet
at the phantom and was placed on a syringe pump to provide a constant flow rate. We injected
diluted intralipid solution (I141-100ML, Sigma—Aldrich, USA) with concentrations ranging
from 1% to 5%.

2.5. OCT system

We obtained cross-sectional and volumetric OCT and OCTA images of the assembled phantom
with a lab-made OCT system [36]. Briefly, a superluminescent diode (SLD) with a center
wavelength of 849 nm (BLM2-D-840-B-1-10, Superlum, Ireland) and a —3 dB bandwidth of
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Fig. 4. Tllustration of fabrication processing steps of the retinal phantom (a) and schematic
of the retinal phantom assembly for the eye model (b). (a) Fabrication processing: Step 1:
The upper channel (Chl) and the multilayered thin film are attached with oxygen plasma
administered for a period of 1 min. Step2. The multilayered film (including the Ch1) and
lower channel (Ch2) are punched to construct the inlet and outlet and to connect Chl and
Ch2. Step 3: The multilayered film and Ch2 are attached with oxygen plasma administered
for a period of 1 min. Step 4: The multilayered PDMS structure was cut to 30 mm and
the ring pattern PDMS layer was attached on the structure. Step 5: Fluorinated ethylene
propylene (FEP) tubes are connected in the inlet and outlet.
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100 nm—which corresponds to a theoretical axial resolution of 3.2 pm in air—was used as the
light source in OCT. The light from the SLD was coupled to a 2 X 2 optical fiber coupler and
was split into the reference and sample arms at a 90:10 ratio (Gould Fiber Optics, USA). In the
sample arm, the collimated light with an optical power of approximately 780 uyW was incident
upon the phantom via 2D galvanometers, a scan lens, and a tube lens. The light beams reflected
from the reference and sample arms were recombined and directed into a spectrometer with an
A-line rate of 125 kHz. The axial resolution was 3.8 pm within a depth range of 2.4 mm in
air. The standard ISO 16971 requires that the depth range and the axial resolution of the retinal
OCT system should be calibrated with a piece of glass with a thickness of the order of 1 mm.
Additionally, the thickness and refractive index of this glass should be known and should have
tolerances that are significantly less than 3% [27]. Therefore, our OCT system was calibrated
with the use of a piece of BK7 glass with a refractive index of 1.5098 at 850 nm and a thickness
0f 995.71 + 0.50 um before the thicknesses of the layers of the phantom were measured. The test
of the glass thickness was performed—in comparison with the reference gauge block—with the
use of the gauge block comparator.

OCTA images were acquired using the split spectrum, amplitude-decorrelation angiography
(SSADA) algorithm [13]. We set the split spectrum and averaging numbers to four and five,
respectively. The threshold used to reduce the noise was set empirically, and a median filter was
applied with a 3 x 3 matrix window.

3. Results

Before packaging the retinal phantom into the cylindrical case, red ink was injected for 15 min
to check the emission from the outlet, the shape of the channels, and fluid leaks, as shown in
Fig. 5(a). The red ink, which was injected at a constant flow rate set by the syringe pump, entered
the FEP tube of the inlet and was discharged along the FEP tube of the outlet. Figure 5(a) and
Visualization 1 shows that the red ink injected into the phantom passed through the upper channel
and then through the lower channel. Through the injection of the red ink, we could check whether
the plasma bonding between each layer (Steps 1, 3, and 4, of Fig. 4) created an inseparable
incorporation, and whether the fluid only flowed through the channels without any leaks. In
addition, the fluidic interconnection between the tube and the inlet or outlet (Step 5 of Fig. 4)
was also secured, even when the tube was replaced, because the PDMS was resilient. We washed

(@) (b)

Fig. 5. Test conducted to check the emission from the outlet, the shape of the channels, and
for fluid leaks. (a) Display flow of the red ink at the retinal phantom (Visualization 1). (b)
Photograph of the phantom and syringe pump. To match the refractive index of the vitreous
humor, water was injected and filled the spaces between the lens and the retinal phantom
within the cylindrical housing. The syringe pump was used to provide a constant flow rate.
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the channels of the phantom with deionized water and ethanol for reuse. Figure 5(b) shows the
retinal phantom that was packaged in a cylindrical housing and operated with the syringe pump.

Figure 6 shows the cross-sectional OCT and OCTA images of the assembled phantom after the
injection of 5% intralipid solution. Two layers (T1 and T5), including the microfluidic channels,
represent the NFL and OPL. The regions of the three-layered thin film which extend from T2 to
T4 in Fig. 6(a) respectively correspond to the locations of the GCL, IPL, and INL. Each layer
is clearly distinguished. As observed, each layer has a constant thickness and does not contain
irregular parts. The first layer (T1) is the brightest of the five layers, and corresponds to the
intensity of the NFL. Figure 6(b) shows a cross-sectional OCTA image which is computed with
the SSADA algorithm. The two channel layers are readily identifiable and have rectangular
cross-sectional shapes. We compared the thicknesses of each of the phantom layers with the
corresponding thicknesses of each retinal layer in the human eye based on published data from
previous studies [37,38]. The blue and red values in Fig. 6(c) were obtained and modified from
[37] and [38]. To measure the thickness of each layer, we calculated the refractive indices of
PDMS mixtures from prior publications [39—-41]. The refractive indices of PDMS mixtures were
calculated to be 1.410 (0.05%), 1.411 (0.5%), and 1.412 (0.8%). Refractive indices of PDMS
mixtures with low TiO, concentration (< 1%) scarcely affect thickness measurements of thin
films because all thin layers in the phantom have thickness values below 100 um. Therefore, we
confirmed that the refractive index of cured PDMS mixed with TiO, was 1.41, and then measured
the thickness of each layer with OCT. The green values show that the measured thicknesses of
each layer of the phantom were: T1 =102.42 + 2.40 pym, T2 =52.67 + 4.40 um, T3 =37.28 +
348 um, T4 =41.04 + 2.69 pm, and T5 = 33.82 + 1.57 um. The thicknesses of the phantom layers
with the exclusion of T1 and TS5 were within the standard deviations of the human measurements.
The first layer, T1, which included the upper microfluidic channel, was approximately five times
thicker than the NFL layer of the human. The thickness of the upper microfluidic channel (purple
bar) was measured to be 38.03 + 1.20 pm. The thickness of TS was measured as the thickness of
the lower microfluidic channel. In these studies, seven phantoms were used and the thickness of
each layer was measured at three points per retina phantom.

(© 120 I Pericentral ring area in [36]
I Inner ring area in [37)
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Fig. 6. Cross-sectional OCT and OCTA images of phantom with a 5% intralipid concentra-
tion and thickness comparisons. (a) Cross-sectional OCT image, (b) Cross-sectional OCTA
image. (c) Plot of the thickness values for the various layers and comparison of outcomes
between the phantom and human [37,38]: T1=102.42 + 2.40 um, T2 =52.67 + 4.40 um,
T3=37.28 +3.48 ym, T4 =41.04 + 2.69 pm, and T5 =33.82 + 1.57 um. The purple bar is
the thickness of the upper microfluidic channel, which was measured to be equal to 38.03 +
1.20 pm.

Figure 7 shows cross-sectional OCT and OCTA images of the retinal phantom when 1%, 2%,
and 5% intralipid solutions were injected into the microfluidic channels. As shown in Fig. 7(a),
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although the upper and lower microfluidic channels were filled with 1% intralipid solution, the
two microfluidic channels are not distinguished from the PDMS, which was mixed with TiO,
around the channels. However, in the OCTA image of Fig. 7(d), the upper and lower microfluidic
channels are observed clearly. As the concentration of intralipid solution was increased to 2%,
the lower microfluidic channel appears in Fig. 7(b), but the upper microfluidic channels are
not distinguished yet. Figure 8 shows en-face OCTA images at each intralipid concentration
tested herein. For en-face image projection, the cross-sectional OCTA images were flattened
using high-contrast differences between the water and the top of the phantom, as shown in the
cross-sectional OCT image of Fig. 7. Figures 8(a), (b), and (c), respectively show the en-face
OCTA images of the upper microfluidic channels following injections of intralipid solutions
with concentrations of 1%, 2%, and 5%. In addition, Figs. 8(d), (e), and (f), display the lower
microfluidic channels. Although our retina phantom has a flat surface, a curved surface was
displayed owing to pivot scanning that has relatively longer path length toward the side, as shown
in Fig. 6(a). In addition, SD-OCT has the disadvantage of fast sensitivity roll-off in axial direction
compared to swept-source OCT. Therefore, the connectivity of the lower microfluidic channel at
the edge of the en-face image is low owing to weak OCTA signals attributed to low scattering
and fast sensitivity roll-off, as shown in Fig. 8(d). The black dots on the upper channel are the
pillars that prevent the channel from collapsing. The lower channel may have shadowing artifacts
which correspond to the darker part caused by the upper channel. Figures 8(g), (h), and (i), are
en-face maximum amplitude projection (MAP) images using a depth colormap (as shown). The
MAP images were calculated with image depths in the range from 0 (surface) to 400 um in the
retina phantom.

Fig. 7. Comparison of cross-sectional OCT and OCTA images when the concentrations of
the intralipid solution were 1% (a, d), 2% (b, e), and 5% (c, f), respectively. Red and blue
arrows are upper channels and lower channels, respectively.

Despite the fact that an empty area that mimicked the avascular zone of the fovea in the
lower channel was designed in this study, the empty area could not be displayed because our
lab-made retinal OCT system had a small field-of-view, as shown in Fig. 8. Therefore, we
obtained OCT and OCTA images with an OCT scan lens (LSMO04-BB, Thorlabs, USA). At that
time, the tube lens and the scan lens in the retinal OCT were detached. In addition, the lens
within the cylindrical housing of the phantom was removed. Figure 9 shows OCT and OCTA
images of the phantom. As shown in Figs. 9(d) and (e), not only the upper and lower microfluidic
channels, but also the empty area (fovea avascular zone) could be displayed clearly within the
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Fig. 8. En-face images of the retinal phantom with intralipid concentrations of 1%, 2%,
and 5%, corresponding to the upper microfluidic (a, b, and c), lower microfluidic (d, e, and
f), and all the microfluidic channels (g, h, and i), respectively. The colormap indicates the
depth range from 0 (surface) to 400 um in the retina phantom.

Fig. 9. Cross-sectional images and en-face images of the phantom with an intralipid
concentration of 5% with the use of an OCT scan lens. (a) Cross-sectional OCT image, (b)
cross-sectional OCTA image, (c) en-face OCTA image of the upper microfluidic channels,
(d) en-face OCTA image of the lower microfluidic channels, and (e) en-face maximum
amplitude projection image of the entire set of channels with depth information. The
colormap indicates a depth range from O (surface) to 400 um in the retina phantom.
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large field-of-view. Furthermore, we could measure fabricated microfluidic channel dimensions
through Figs. 9(c) to (e).

4. Discussion

We developed and verified the retina phantom for OCT and OCTA system that mimicked the layers
and vessels of the retina of the human. In previous studies, several groups had introduced the retina
phantom with designed multilayers in an effort to emulate those of the retina [21-25]. Specifically,
one of these previous retina phantoms became commercialized successfully. However, these
retina phantoms emulated only the multilayers of the retina. Their major disadvantage was
attributed to the fact that they could not be used in OCTA because they did not have functionalities
that could mimick the function of the blood vessels, such as the Doppler effects and intensity
(or phase) changes owing to the movement of red blood cells. The methods used to construct
the flow phantom have usually employed circular polyethylene conduits [28] or glass capillary
tubes [29-32]. These phantoms are easy to make, but they are not suited to mimic retinal blood
vessels because of the limitations associated with the reduction of the inner and outer diameters
of the tube. In addition, circular polyethylene conduits and glass capillary tubes cannot mimic
patterns of blood vessel networks, and cannot be located at different depths within the 500
pm range. Our phantom that applied the microfluidic technique could implement small-sized
channels below 200 um, and could mimic the pattern of blood vessel networks with masks of
the desired designs in conjunction with lithography. In addition, the two channels at different
depths, including the microfluidic channel, could be implemented by stacking the films. We
compared the thickness of the SU-8 layer, the PDMS channel heights before fabrication, and the
channels thickness of the phantom during the injection of the intralipid solution. The thicknesses
of the SU-8 layer for Chl and Ch2 were measured with white light scanning interferometry
(WSI, NV-2400, NanoSystem Co., Korea) and were found equal to 32.9 + 0.4 ym and 33.0 + 0.1
um, respectively. The corresponding cured PDMS channel thicknesses were 32.5 + 0.1 um and
32.9 £ 0.1 um, respectively. Thicknesses of the cuared PDMS channels were also measured by the
WSI. The thickness of the cured PDMS channel before fabrication was slightly reduced compared
to the SU-8 mold. Given that PDMS is cured at high temperatures, it is well known that thermal
shrinkage occurs in the PDMS microchannel. The channel thicknesses of the phantom filled with
intralipid solution in Ch1 and Ch2 were 38.03 + 1.20 um and 33.82 + 1.57 um, as described in
the Results section. It can be observed that the PDMS channels were slightly thickened by the
liquid pressure applied to the channels.

The retina has more layers under the OPL, such as the outer nuclear layer (ONL), external
limiting membrane (ELM), photoreceptor layers (PR), and retinal pigment epithelium (RPE).
Additionally the retinal surface has a smooth curvature around the foveal pit because the layers
tend to be merged together. Currently, our phantom did not mimic the irregular layers, and the
layers below the INL which are typically observed in the retina. A limitation associated with the
emulation of first microfluidic channel is the thickness discrepancy. The thickness of the thin
film, including the upper microfluidic channel, was measured to be 102 + 2.40 pm, and is much
thicker than the NFL of the human retina [37,38]. When the thickness from the surface of the thin
film to the top of the upper channel was thin, the channel was burst owing to high-liquid pressure.
We constructed channels with various thickness values to identify the optimal value. When the
thickness of the upper microfluidic channel was almost 30 um, the phantoms with thicknesses
> 60 um from the surface of the thin film to the top of the upper channel were not destroyed
and were available for a long time. Although the thickness of the first layer of our phantom
was thicker than that of the NFL of the human retina, our phantom could provide competitive
advantages over structural information and could be used as a test tool to assess the software
accuracy and image qualities of OCT and OCTA, simultaneously.
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In this study, we obtained only OCT and OCTA images of the retina phantom. However, this
phantom can also become a useful tool for FA and ICGA in conjunction with the use of the
fundus camera or the scanning laser ophthalmoscope (SLO). It is well known that FA and ICGA
are mainly used in the field of ophthalmology for the evaluation of various retinal diseases using
fluorescein or ICG dyes. In the cross-sectional OCT image, our retina phantom has an intensity
that is similar to the OCT image of the human retina. In addition, because the thickness of each
layer was close to the thickness of each retinal layer, we could observe patterns that mimicked
blood vessel networks following the injection of red ink, as shown in Fig. 5(a). Therefore, if
the liquid injected into the retinal phantom had similar optical properties as those of the blood
following its mixture with fluorescein or ICG, the reliability of the software and hardware in the
fundus camera or SLO for FA or ICGA will be able to be estimated.

In future studies, we will develop a new method for a retinal phantom for the quantification
of the shape of the foveal pit and structural layers, including the mimicked retinal layers under
OPL. In addition, the design will be modified so that the position of the microfluidic channel is
moved to one side to display the avascular zone of the fovea in the OCTA image. Construction
of these fabrications of the microfluidic channels emulating the actual retinal structure will
allow us to be able to provide a standardized phantom that can be accurately evaluated. We
will apply a retinal phantom to compare and quantify the influence of the processing algorithm
for angiography based on various imaging biomarkers, such as contrast, signal-to-noise ratio,
connectivity, and visibility [42—44]. Furthermore, this phantom will not only help test the initial
device performance and allow the periodic conduct of quality assurance tests, but will also be
useful in certification, medical device licensing, and production processes of ophthalmic imaging
devices, such as OCT, OCTA, fundus camera, and the SLO.

5. Conclusion

In this study, we proposed an advanced retina phantom with a multilayered thin film and two
microfluidic channels to emulate the human retina based on microfluidic fabrication technology.
Multilayered thin films that corresponded to the retinal GCL, IPL, and INL, were synthesized
using multiple spin-coating based on the adjustment of the concentration of TiO, in PDMS. We
implemented superficial and deep retinal vessels using microfluidic channels. The phantom
formed by merging the multilayered thin film and microfluidic channels was assembled with
an optical lens, water chamber, and an aluminum tube case. We obtained cross-sectional OCT
images of the retinal phantom using lab-made ophthalmic OCT. Based on the cross-sectional
OCT image, we compared each of the layer thicknesses of the phantom with the corresponding
thicknesses of the layers of the human retina. Finally, we obtained en-face OCTA images with
injections of intralipid solutions. This phantom can be potentially used as a convenient tool to
evaluate and standardize the quality and accuracy of OCT and OCTA images. Usage of our
retinal phantom will save the time on product development processes and in the medical device
certification of ophthalmic imaging devices, including OCT and OCTA. In future studies, several
improvements, such as mimicking other layers and reproducing the smooth curvature of the fovea
pit, will be considered to ensure a more accurate emulation of the retina.
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